Abstract: A series of substituted 2-phenylquinoxaline ligands have been explored to finely tune the visible emission properties of a corresponding set of cationic, cyclometalated iridium(III) complexes. The electronic and redox properties of the complexes were investigated using experimental (including time-resolved luminescence and transient absorption spectroscopy) and theoretical methods. The complexes display absorption and phosphorescent emission in the visible region attributed to MLCT transitions. The different substitution patterns of the ligands induce variations in these parameters. TD-DFT studies support these assignments and show that there is likely to be a strong spin-forbidden contribution to the visible absorption bands at 500-600 nm. Calculation also reliably predict the magnitude and trends in triplet emitting wavelengths for the series of complexes. The complexes were assessed as potential sensitizers in triplet-triplet annihilation upconversion experiments using 9,10-diphenylanthracene as the acceptor, with the methylated variants performing especially well with impressive upconversion quantum yields up to 39.3 %.
Introduction
Photoactive metal coordination compounds continue to find broadening application in several disciplines such as electroluminescence, photovoltaics, photocatalysis, and bioimaging. In particular, organometallic Ir(III) complexes are extremely attractive as a wide range of ligand architectures exist and can be developed to allow tuning of the excited state properties of such complexes.
1 A more recent development in their potential application is in the field of triplet-triplet annihilation (TTA) upconversion 2 where such species, through a limited number of studies, 3 appear to be well suited to use as sensitizers which stimulate fluorescence from an appropriate annihilator acceptor molecule. TTA upconversion is of great interest due to the benefits that such processes can provide to the disciplines outlined earlier. A small number of reports have described the use of Ir(III) complexes for TTA upconversion 4 with the best performing to date being pyrene-conjugated species of the type [Ir(ppy) 2 (L)]PF 6 which demonstrated highly efficient upconversion quantum yields of up to 31.6 % (the highest value yet reported). 5 Typically, the sensitizer should possess good molar absorption at the wavelength of excitation and a long triplet lifetime. 6 Our own work into luminescent Ir(III) complexes has included the development of low energy emitting species that luminesce in the red part of the visible spectrum.
The requisite cyclometalating ligands are based upon core ligand structures of 2-phenylquinoline 7 or 2-phenylquinoxaline 8 and these can provide interesting species with related pyrene derivatives also showing capability as potent photooxidation sensitizers. 9 Other studies have reported extending the emission wavelengths of Ir(III) complexes into the NIR region. 10 In the current work, we have focused upon the development of poly-substituted quinoxaline ligands to tune the emission of a new series of cationic cyclometalated Ir(III) complexes. The ability to finely tune the excited state character and energy of the complex is essential when considering applications such as TTA upconversion.
The structural and spectroscopic characterisation of these complexes together with detailed theoretical analysis has provided further insight into the species and their application to TTA upconversion. We now report a world-leading TTA upconversion efficiency of 39.3% from one of the iridium complexes within our series of newly synthesized phosphors.
Results and Discussion
All ligands (Scheme 1) were synthesised by heating the required phenyldiamine with benzil or 1-phenyl-1,2-propanedione in ethanol in the presence of acetic acid. The ligands were reacted with iridium trichloride to generate the chloro-bridged dimetallic [Ir(L) 2 -μ-Cl] 2 species, 11 which were subsequently reacted with 2,2'-bipyridine in 2-ethoxyethanol at 120° to yield the corresponding monometallic species
[Ir(L) 2 (bpy)]PF 6 following precipitation with NH 4 PF 6 (sat. aq.). These reaction conditions are known to favour the cis-C,C and trans-N,N coordination mode for the cyclometalating ligand at Ir(III) and have been supported by structural data. 12 Other studies have shown that the mutual cis-C,C and cis-N,N arrangement of certain cyclometalating ligands can be achieved using different reaction conditions. 13 If required, further purification was achieved using column chromatography (silica) by eluting a major red band with DCM/MeOH (95/5). All complexes (Scheme 1) were isolated as reddish brown air-stable solids. L1 has been previously reported, but all characterisation data are included in the Experimental section for convenience and comparison.
14 The complexes were characterized using multinuclear NMR, IR, UV-vis., transient absorption and luminescence spectroscopies, as well as HRMS, cyclic voltammetry and X-ray diffraction. 1 H NMR spectra provided clear evidence for the formation of the complexes with characteristic shifts in the various resonances associated with the quinoxaline ligands. In particular, the proton adjacent to the cyclometalated carbon was shifted upfield in all cases indicative of the shielding effect of coordination to iridium(III). For [Ir(L1) 2 (bpy)]PF 6 , [Ir(L2) 2 (bpy)]PF 6 and [Ir(L3) 2 (bpy)]PF 6 the methyl resonance(s) were shifted away from the corresponding free ligand values. 19 F{ 1 H} NMR spectroscopy was used to analyse [Ir(L4) 2 (bpy)]PF 6 and [Ir(L7) 2 (bpy)]PF 6 and revealed ( Tables S2 and S3 . Each complex adopts a distorted octahedral geometry at Ir(III) with substituted quinoxaline ligands chelating in a N^C fashion demonstrates that the computational method chosen serves to adequately reproduce the crystal structure (RMSD < 0.5 Å) with the majority of the discrepancy being introduced by the position of the methyl substituent groups, which likely derives from a combination of errors in crystallography and DFT. This is to be expected given the low frequency vibrational motions associated with both the flexing and torsional motions of these methyl groups. Some discrepancy is observed with the bipyridine position, such that the computed geometry is closer to C 2 symmetry.
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Electronic properties of the complexes
The UV-vis. absorption properties of the complexes were determined using chloroform centred. This is confirmed through MO decomposition analysis (see Table S4 , ESI, shows that indeed the emission profile will be broad, and spans the wavelength region over which phosphorescence is observed, leading to the conclusion that emission is indeed observed from T 1 . Such a methodology is quantitatively problematic for system of this size and with such a number of low frequency vibrational modes, but provides a qualitative depiction of the complex emission. As shown in Figure Photoabsorption cross sections were computed by sampling over the ground state (S 0 ) geometries accessible at room temperature using a nuclear ensemble method, implemented in the Newton-X computational suite. 19, 20 In this case, 2000 geometries (N s ) were sampled from an uncoupled harmonic oscillator Wigner distribution such that they describe a ground state (S 0 ) quantum distribution, with excitation energies (E 0n ) and oscillator strengths (f 0n ) for the first ten singlet states (N n ) and first 5 triplet states, computed at each geometry (R k ), and then summed (with a d = 0.2 eV
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Lorentzian convolution [red]) to construct the photoabsorption cross section (s(E)).
This methodology can be used to provide band shapes and relative cross sections for electronic transitions, but unlike the Franck-Condon method described above, does not reproduce vibronic progressions. It is worth noting the refractive index for all calculations is assumed to be 1. This assessment of band shapes is extremely computationally costly and has only been applied to [Ir(L1) 2 (bpy)]PF 6 , in order to demonstrate the accuracy of the band assignments. Table 2 . Computed spectral properties for all complexes alongside experimentally observed band positions in parentheses. The experimental spin allowed absorption band positions are taken from the band onsets, whereas the spin forbidden parameters are l max values for the respective bands. Shaded rows highlight L5-L7 phenyl substituted analogues of L2-L4. Both vertical and adiabatic emission energies are reported, the latter in italics.
Compound [a] S 1 ←S 0 (nm) [a] T 1 ←S 0 (nm) [b] T 1 → S 0 (nm) [b] [Ir(L1) 2 6 and the computational spectral simulation, the relative band positions of all the complexes have been computed, and are displayed in Table 2 . <Figure 5> The complexes showed emission properties in the visible region ( Figure 5 ). Steady state measurements in both chloroform (Table 3) and toluene (Table 4) (Table 2) , and equally borne out by the shift in S 1 ←S 0 band onsets.
However, the cause of the reduced emission lifetimes for the chlorinated species cannot be deconvoluted from a mixture of electronic and relativistic effects, and indeed an increase in ISC rates (supported by increased k nr contributions) may be anticipated for the dichloro-species.
In order to validate the hypothesis that chlorine substitution of the quinoxaline Thus, all the photophysical data are consistent with an emitting state that possesses significant 3 MLCT character.
Transient absorption spectroscopy
Transient absorption (TA) spectroscopy was carried out on each of the complexes using chloroform solutions. All the spectra are similar in appearance, and once again complex [Ir(L1) 2 (bpy)]PF 6 is chosen as an example for further discussion. The spectrum shown in Figure 6 is illustrative of TA spectra for all of the complexes described herein. From short to long wavelength, the spectrum shows a ground state bleach (negative DOD) at l = 355 nm, two features corresponding to putative triplettriplet absorptions in the visible (l max ≈ 430 nm and 560 nm, respectively) and finally a long wavelength emission attributed to the spin-forbidden T 1 → S 0 radiative transition. The two triplet absorption bands are consistent with TD-DFT calculations which suggests that there are a set of strong T n ¬T 1 absorption bands at l < 600 nm.
The longest wavelength, negative-going peak is assigned based on the similarity between the TA feature (black) and the emission profile (red).
<Figure 6>
Each feature, including the ground state bleach and recovery, and the phosphorescence, exhibit similar TA lifetimes (right of figure 6), suggesting that each peak relates to the same photoexcitation, intersystem crossing (ISC) process and deactivation. This is attributed to the formation of the lowest triplet state, via prompt 6 . For each of the complexes the temporal evolution (Fig. 8 ) of the four transient absorption features described in Figure 7 have been analysed in an analogous fashion and are shown in Table S5 (ESI), alongside the spin-forbidden emission lifetimes, duplicated from Table 2. <Figure 7> <Figure 8>
TTA upconversion measurements
TTA upconversion luminescence experiments were conducted in degassed toluene using the complexes as the donor component and 9,10-diphenylanthracene (DPA) as the acceptor. The spectra in Figure 9 show the recorded emission spectra in degassed toluene for these upconversion experiments. In each case the graphs contain superimposed emission profiles for the native complex and the complex/DPA mixture following excitation at 510 nm. The DPA triplet excited state is at 700 nm (1.77 eV) and therefore lies below the triplet emitting level of all of the complexes in the series.
Direct irradiation of DPA using 510 nm does not produce any emission. In contrast,
for the majority of the complex/DPA mixtures, fluorescence from DPA was observed at 400-500 nm which is therefore indicative of an upconversion process. These observations were quantitatively supported by the measured quantum yields for upconversion (Table 4) The visual representation of the upconversion was photographically recorded for the best performing methylated complexes and is shown in Figure 10 . The variation in visual appearance can be plotted using CIE coordinates (Fig. 11) and conveniently demonstrates the tuneability of the system. The observed red emission of the parent triplet sensitizers is dramatically shifted upon addition of DPA to give new CIE coordinates.
<Figure 11>
Conclusions
The use of substituted quinoxaline ligands as cyclometalating units for iridium(III) has proven to be a highly efficient route towards the development of high performance sensitizers for triplet-triplet annihilation upconversion. Methylation of the coordinated quinoxaline heterocycle increases the energy and the lifetime of the triplet state emission and thus enhances performance. In contrast, whilst chloro-substitution bathochromically shifts the absorption and emission profiles, the dramatic reduction in triplet state lifetime for the complex of L3 proves unfavourable with respect to TTA upconversion efficiency. We attribute this, with supporting calculations, to the enhancement in ISC assisted by the chlorine substituents that leads to more rapid non-radiative deactivation of the 3 MLCT state.
Experimental Section
X-ray crystallography 6 ). 24 The crystal was kept at T = 100(2) K during data collection. Using Olex2 25 the structure was solved with the ShelXT were required.
Computational methods
Electronic structure calculations were all performed using density fitted-density functional theory within the Gaussian 09 computational chemistry suite. vi All calculations were performed using the Stuttgart-Dresden (SDD) effective core potential and basis set in the treatment of the iridium, in combination with a 6-31G* basis set for all other light atoms. Full geometry optimizations were performed for the cationic complexes utilizing the self-consistent reaction field model (SCRF) which treats the solvent implicitly as a dielectric continuum. In all cases the solvent chosen was chloroform, consistent with that utilized in the both final synthesis and in the majority of the spectroscopic measurements. Chloroform is characterized by an electrical permittivity of ε = 4.7113 within the calculations. This computational method models the solvent as surrounding a cavity in which the solute resides, and this cavity is characterized using an integral equation formalism for the polarizable continuum model (IEFPCM). This model represents the system in equilibrium during, for example, an optimization routine: in all excited state calculations a non-equilibrium solvent model is used.
All geometry optimizations were performed using an ultrafine grid and very tight convergence criteria, and the minima were confirmed as stationary points through the computation of harmonic vibrational frequencies, each of which showed no imaginary components. These stationary points were used in single point TD-DFT calculations to compute vertical excitation energies. All TD-DFT calculations were undertaken using a linear response approach. All TD-DFT calculations were also performed with a long range corrected hybrid functional (CAM-B3LYP).
Phosphorescence and spin-forbidden absorption bands were investigated using unrestricted density functional theory to compute parameters associated with the first triplet state (T 1 ), using an identical methodology as for the singlet states.
Decomposition of the molecular orbital character was performed using the GaussSum software package. Crystal structure overlays with optimised computational structures has been performed using the Chimera software package, which has also been used to calculate root mean squared deviation (RMSD) values for these comparative structures. 28 
Transient absorption measurements
Transient absorption measurements were carried out using an Edinburgh Instruments LP920 spectrometer. All spectra were collected using a pump wavelength of 355 nm (third harmonic of a Continuum Surelite II Nd:YAG laser system). The probe light for these measurements was a Xenon lamp, affording spectral generation between 300 < l < 800 nm. Wavelength dependent spectra were recorded with a 2.05 nm spectral resolution, collected using an Andor ICCD camera, and integrated over the first 500 ns after the pump laser pulse. The spectra are presented as DOD Xe lamp , which is simply referred to as DOD. Lifetime data was generated using a photomultiplier to collect time resolved signals, with the bandwidth of these data being identical to the camera resolution (2.05 nm). The lifetime data is fit using the Origin 2017 software package, and each data set is fit using a monoexponential function, with no evidence of multiexponential components. Uncertainties in lifetimes are taken from the LeastSquares fitting algorithm, and are not indicative of the uncertainties in multiple fits or data sets.
Cyclic voltammetry
Electrochemical studies were carried out using a Parstat 2273 potentiostat in conjunction with a three-electrode cell. The auxiliary electrode was a platinum wire and the working electrode a platinum (1.0 mm diameter) disc. The reference was a silver wire separated from the test solution by a fine porosity frit and an agar bridge saturated with KCl. Solutions (10 ml CH 2 Cl 2 ) were 1. 
Triplet-Triplet Annihilation Upconversion
Associated luminescence spectra were recorded on Shimadzu RF-5301PC
spectrofluorometer. The fluorescence and phosphorescence lifetimes were measured on an OB920 fluorescence/phosphorescence lifetime instrument (Edinburgh, U.K.)
with an EPL picosecond pulsed diode laser (510 nm ± 10 nm, pulse width: 119.9 ps, maximum average power: 5 mW; All compounds in flash photolysis experiments were deaerated with N 2 for ca. 10 min and the gas was maintained during the measurement.
Continuous laser (510 nm) was used for upconversion and the power of the laser beam was 5.2 mW. The diameter of the spot of the 510 nm laser was ca. 3 mm. The mixed solution (with different triplet sensitizers and acceptor) was deaerated for 10 min before experiment, and the gas flow was kept during the measurement. The upconverted fluorescence was recorded with a RF 5301PC spectrofluorometer. In order to repress the laser scattering, a small black box was put behind the fluorescent cuvette as beam dump to trap the laser.
The upconversion quantum yields (F UC ) of all the complexes in toluene were using the fluorescence quantum yield of diiodoBodipy (F F = 2.7% in acetonitrile) as the standard to be determined. The upconversion quantum yield was using the following equation 
Synthesis of L2
As L1 but with 1-phenyl-1,2-propanedione (246 mg, 1.7 mmol) and 1,2-diamino-4,5-dimethylbenzene (250 mg, 1.8 mmol 
Synthesis of L4
As for L1 but with 1-phenyl-1,2-propanedione (230 mg, 1.6 mmol) and 1,2-diamino- 
Synthesis of L5
Benzil (357 mg, 1.7 mmol) and 1,2-diamino-4,5-dimethylbenzene (250 mg, 1.8 mmol)
were dissolved in ethanol (15 mL) and acetic acid (1 mL). The reaction mixture was heated at reflux under a nitrogen atmosphere for 24 hours. 
Synthesis of L6
As L5 but with benzil (273 mg, 1.3 mmol) and 1,2-diamino-4,5-dichlorobenzene (250 mg, 1.4 mmol). Product collected as a white solid. (367 mg, 80 % 
Synthesis of L7
As L5, but with benzil (336 mg, 1.6 mmol) and 1,2-diamino-4,5-difluorobenzene (250 mg, 1.7 mmol). Product collected as an orange solid. (296 mg, 58 % 6 (black) with the TDDFT//CAM-B3LYP/6-31G*(SDD) convoluted absorption spectrum (dashed red), computed the method described in the text. The red line is a summation of spin allowed and spin forbidden transition energies, where all spin forbidden transitions are assigned an identical oscillator strength, with the total summative transition strength chosen to best illustrate the spectrum. 6 , and C5 [Ir(L5) 2 (bpy)]PF 6 as photosensitizer in toluene. DPA (9,10-diphenylanthracene) was the acceptor. Excitation was done with a continuous laser at 510 nm (noted as the incident peak on the spectra) and power density of 5.2 mW under deaerated atmosphere. c (sensitizer) = 1.0 ´ 10 -5 M, c (DPA) were 1.6 ´ 10 -3 M, 1.6 ´ 10 -3 M, 2.6 ´ 10 -4 M, 2.0 ´ 10 -4 M, respectively, 20 °C. TOC text A series of substituted 2-phenylquinoxaline ligands have been explored to finely tune the visible emission properties of a corresponding set of cationic, cyclometalated iridium(III) complexes.. The complexes were assessed as sensitizers in triplet-triplet annihilation upconversion experiments, demonstrating highly impressive upconversion quantum yields of up to 39 %. LIGAND SYNTHESIS
